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In a recently proposed Higgs-Seesaw model the observed scale of dark energy results from a
metastable false vacuum energy associated with mixing of the standard model Higgs particle and a
scalar associated with new physics at the GUT or Planck scale. Here we address the issue of how
to ensure metastability of this state over cosmological time. We consider new tree-level operators,
the presence of a thermal bath of hidden sector particles, and quantum corrections to the effective
potential. We find that in the thermal scenario many additional light degrees of freedom are typically
required unless coupling constants are somewhat fine-tuned. However quantum corrections arising
from as few as one additional light scalar field can provide the requisite support. We also briefly
consider implications of late-time vacuum decay for the perdurance of observed structures in the
universe in this model.
1. INTRODUCTION
Understanding the nature of dark energy, with an inferred magnitude of approximately ρ(obs)DE =
28 meV4 [1–3], remains the deepest open problem in particle physics and cosmology. Observations suggest
that this source has an equation of state w = −1, consistent with either a fundamental cosmological con-
stant or false vacuum energy associated with a metastable scalar field configuration. In either case, quantum
effects would suggest that this energy, ρDE, will depend sensitively on unknown UV physics, and it is there-
fore very difficult to imagine how the observed small energy scale could naturally arise [4]. In particular
(i) Why not ρDE = Λ4 where Λ is the UV cutoff of the effective field theory, (ii) Why not a natural value
ρDE = 0, which could result from some symmetry constraint?
The answers to these fundamental questions will most likely require an understanding of a full quantum
theory of gravity. Assuming they are resolvable, and that the ultimate vacuum energy is indeed zero, one
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2can proceed to consider whether plausible physics, based on known energy scales in particle theory, might
produce at least a temporary residual vacuum energy consistent with current observations. Recently in
Ref. [5] it was proposed that a Higgs portal, mixing electroweak and grand unification MGUT scalars,
might naturally produce the observed magnitude of the energy density of dark energy due to the false
vacuum energy associated with an otherwise new massless scalar field that is a singlet under the SM gauge
group. The questions we examine here are whether it is possible to ensure that this field remains in its false
vacuum state for cosmological times, and what the implications might be for the future when it decays to
its true ground state.
The organization of this paper is as follows. In Sec. 2 we review the Higgs-Seesaw model of dark
energy, and in particular, we estimate the lifetime of the false vacuum in this model. In Sec. 3 we explore
three variants of the minimal model that extend the lifetime of the false vacuum to cosmological time scales.
Since the false vacuum is only metastable, it will eventually decay, and we consider the implications of this
decay in Sec. 4. We conclude in Sec. 5.
2. REVIEW OF THE HIGGS-SEESAWMODEL
The model of Ref. [5] extends the SM by introducing a complex scalar field σHS, which is a singlet
under the SM gauge groups and charged under its own global axial symmetry. Denoting the SM Higgs
doublet as ΦSM = (φ+SM , φSM)T , the scalar sector Lagrangian is written as
L = ∣∣∂µΦSM∣∣2 + |∂µσHS|2 − V (ΦSM, σHS) (1)
where
V (ΦSM, σHS) = ΩCC + µ
2 |ΦSM|2 + λ |ΦSM|4 + λmix |ΦSM|2 |σHS|2 + λHS |σHS|4 . (2)
The bi-quadratic term is sometimes referred to as the Higgs portal operator [6, 7]. If this operator arises
by virtue of GUT-scale physics, as argued in Ref. [5], then its value should naturally be extremely small in
magnitude
λ
(nat)
mix ≈
M2W
M2GUT
' 6.5× 10−29
(
MGUT
1016 GeV
)−2
. (3)
Note the absence of a mass term for the field σHS, which is assumed, due to symmetries in the GUT-scale
sector, to only acquire a mass after electroweak symmetry breaking.
3For the purposes of studying the vacuum structure it is convenient to take φ+SM = 0, φSM = h/
√
2, and
σHS = s/
√
2 where h(x) and s(x) are real scalar fields. Then the scalar potential becomes
U(h, s) = ΩCC +
1
2
µ2h2 +
λ
4
h4 +
λmix
4
h2s2 +
λHS
4
s4 . (4)
where ΩCC is a bare cosmological constant which must be tuned to cancel UV contributions from the scalar
field sector. The tachyonic mass µ2 = −λv2 induces electroweak symmetry breaking and causes the Higgs
field to acquire a vacuum expectation value 〈h〉 = v, which in turn induces a mass µ2HS = λmixv2/2 for the
field s. If λmix < 0 then this mass is tachyonic, and the true vacuum state of the theory is displaced to
〈h〉true ≡ vh = v√
1− 2 ≈ v
[
1 +O(2)
]
(5)
〈s〉true ≡ vs = v
(
λ
λHS
)1/4√ 
1− 2 ≈ v
(
λ
λHS
)1/4√

[
1 +O(2)
]
(6)
where  ≡ −λmix/
√
4λλHS. We will use 〈h〉false = v and 〈s〉false = 0 to denote the tachyonic false vacuum
state.
For typical values of the coupling λmix, see Eq. (3), the mass scales of the σHS field are extremely small:
µ2HS ≪ µ2 and vs ≪ vh ∼ v. In this limit it is a good approximation to integrate out the Higgs field and
work with an effective field theory for the σHS field alone. The field equation ∂U/∂h = 0 has the solution
h¯(s) = v
√
1 + 
(
λHS
λ
)1/2
s2 , (7)
which interpolates between the false and true vacua, as one can easily verify. The scalar potential in the
effective theory, U(s) ≡ U(h¯(s), s), is given by
U(s) =
(
ΩCC − λv
4
4
)
+
λmix
4
v2s2 +
λHS
4
(
1− 2) s4 . (8)
If it is assumed that the scalar potential vanishes in the true vacuum, i.e. U(vs) = 0, then the bare
cosmological constant must be tuned to be
ΩCC =
λv4
4
1
1− 2 ≈
λv4
4
[
1 + 2 +O(4)
]
. (9)
The effective cosmological constant today will then be smaller than ΩCC as a consequence of symmetry
breaking phase transitions. If the scalar fields have not reached their true vacuum state but are instead
suspended in the false vacuum, then the vacuum energy density, ρDE ≡ U(0), is given by
ρDE =
λv4
4
2
1− 2 ≈
λ2mixv
4
16λHS
. (10)
4As the notation suggests, ρDE should be identified with the energy density of dark energy. Taking λ =
M2H/(2v
2) with v ' 246 GeV and MH ' 126 GeV gives
ρDE ' 0.97 meV4
(
λmix
λ
(nat)
mix
)2(
1
λHS
)
. (11)
This value is comparable to the observed energy density, ρ(obs)DE ≈ 28 meV4 [3]. In this way, the Higgs-
Seesaw model naturally predicts the correct magnitude for the energy density of dark energy density from
the electroweak and GUT scales. For the discussion in the following sections, it will be useful here to
rewrite Eq. (11) as
λHS ' 0.035
(
λmix
λ
(nat)
mix
)2(
ρ
(obs)
DE
ρDE
)
(12)
and to note that λHS remains perturbatively small for λmix ≤ λ(nat)mix .
The success of the Higgs-Seesaw model hinges upon the assumption that the universe is trapped in
the false vacuum. The lifetime of the false vacuum can be estimated by dimensional analysis using the
tachyonic mass scale, µ2HS = λmixv
2/2. Taking the same numerical values as above, this time scale is
|µHS|−1 ' (1.4 meV)−1 ≈ 0.47 nanoseconds . (13)
Therefore, in the absence of any support, the false vacuum would have decayed in the very early universe.
This observation motivates the present work, in which we will explore scenarios that can provide support to
the tachyonic false vacuum, following a classification scheme outlined in Ref. [8]
3. THREE SUPPORT MECHANISMS
3.1. Tree-Level Support
The presence of additional terms in the tree-level scalar potential, V (ΦSM, σHS), can provide support
for the tachyonic false vacuum. As we now demonstrate, this option does not appear viable however.
The most straightforward way to lifting the tachyonic instability is to add a mass term,
δV = m2HS |σHS|2 , (14)
5such that m2HS + µ
2
HS > 0. Forgetting for the moment, the question of what is the natural scale for mHS,
we can consider the implications of adding such a term to the potential. Not only does this term succeed
in lifting the tachyon, it additionally changes the vacuum structure of the theory in such a way that the
false vacuum becomes absolutely stable. Since the Higgs-Seesaw dark energy model assumes that the true
vacuum state has a vanishing vacuum energy density, this implies that the cosmological constant should
vanish in our universe today, i.e. ρDE = 0, which is unacceptable.
Alternatively, we can extend the potential by the non-renormalizable operator
δV =
|σHS|6
M2
. (15)
In the context of Higgs-Seesaw dark energy, the SM is understood to be an effective field theory with a cutoff
at the GUT scale, MGUT ∼ 1016 GeV. Therefore, the natural choice for the parameter M is M ∼MGUT .
Upon added δV , the scalar potential becomes
U(s) =
(
ΩCC − λ
4
v4
)
+
λmix
4
v2s2 +
λHS
4
[
1− λ
2
mix
4λλHS
]
s4 +
s6
8M2
. (16)
By choosing λmix > 0 and λHS < 0, we have a potential1 with a metastable minimum at 〈s〉false = 0 and
an absolute minimum at
〈s〉true =
√
2
3
M
√
−λHS
√
1 + ¯2
√
1 +
√
1 + ˜ ≈ 2√
3
M
√
−λHS
[
1 +O(¯, ˜)
]
(17)
where ¯ ≡ λmix/
√−4λλHS and ˜ ≡ 3λmixv2/[2λ2HSM2(1 + ¯2)2]. The VEV of s in the true vacuum is now
set by the cutoff scale M , and not by the small quantity
√
 v as in Eq. (6). Similarly, we find that the false
vacuum is lifted above the true vacuum by an energy density
∆ρ = U(0)− U(〈s〉true) = 4
27
(−λHS)3M4
[
1 +O()
]
. (18)
For the natural GUT scale cutoff, this quantity is many orders of magnitude larger than the observed energy
density of dark energy unless λHS ≪ 1.
3.2. Thermal Support
Symmetry restoration can also result as a consequence of thermal effects. In the Standard Model,
the tachyonic mass of the fundamental Higgs field, µ2 = −M2H/2 ' −(89 GeV)2, is lifted by thermal
1 A scalar potential of this form has been studied in the context of the electroweak phase transition [9–11].
6corrections when the temperature of the universe exceeds T = Tc ≈ 150 GeV [12]. The relationship
Tc = O(|µHS|) is a result of dimensional analysis. By analogy, one will naively expect the tachyonic mass
scale of the Higg-Seesaw model to be lifted at temperatures T & |µHS| ≈ 1.4 meV [see Eq. (13)]. For
reference, the current temperature of the CMB is Tcmb ≈ 2.73 Kelvin ≈ 0.23 meV. The observation that
|µHS| > Tcmb is our first indication that the thermal support scenario will be a difficult to implement in
a phenomenologically viable way. In order for the thermal support scenario to be successful, we will see
that the minimal Higgs-Seesaw model must be extended to include a thermal bath of many new light fields
coupled to the tachyonic field σHS.
Assume then that the universe is permeated by a thermal bath of such relativistic, hidden sector (HS)
particles2. For concreteness we will assume that these particles are scalars, but they could just as well have
higher spin and our analysis would be qualitatively unchanged. For the sake of generality, suppose that
there are Ns distinct species of scalar particles with a common temperature THS, with g∗HS = Ns effective
degrees of freedom, and with an energy density
ρHS =
pi2
30
g∗HST 4HS . (19)
The relativistic energy density of the universe is constrained via the CMB; the constraints are quoted in
terms of the “effective number of neutrinos” Neff ≈ 3.30± 0.27 [3]. The energy density of the HS thermal
bath yields a contribution
∆Neff ≡ ρHS
2pi
2
30
7
8T
4
ν
=
4Ns
7
(
THS
Tν
)4
. (20)
where Tν ≈ 1.7 × 10−4 eV is the temperature of the cosmic neutrino background today. The task herein
is to determine if this gas can be hot enough and have enough degrees of freedom in order to stabilize
the tachyonic field while also keeping its energy density low enough to satisfy the empirical constraint
∆Neff . O(1).
To be concrete, let us denote the new, real scalar fields as ϕi(x) and suppose that they couple to the
tachyonic field σHS through the interaction
δV 3 |σHS|2
Ns∑
i=1
g2ϕi(ϕi)
2 (21)
where g2ϕi are the coupling constants. This interaction gives rise to the thermal mass correction [13]
µ2th ≈
Nsg
2
ϕT
2
HS
12
(22)
2 If they are not relativistic, their contribution to the thermal mass correction is Boltzmann suppressed and therefore negligible.
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FIG. 1: The constraint Eq. (24). For a given value of g2ϕ (decreasing from top to bottom) the solid black lines demarcate
a boundary to the right of which thermal support is a viable means of lifting the tachyonic instability provided that the
temperature of the hidden sector thermal bath, THS, falls in the range given by Eq. (25).
where we have defined g2ϕ ≡ (Ns)−1
∑Ns
i=1 g
2
ϕi . It is important to recognize that the powers of Ns and
THS in Eqs. (20) and (22) are not the same. By decreasing THS and scaling Ns ∼ 1/T 4HS, we can keep
∆Neff < O(1) while increasing µ2th ∼ 1/T 2HS.
As we discussed above, we want to determine the range of parameters for which the bounds
µ2th >
∣∣µ2HS∣∣ and ∆Neff < 1 (23)
are satisfied. These constraints can be resolved as
|λmix| <
√
7
12
g2ϕ
√
NsT
2
ν
v2
≈ 1.6 λ(nat)mix
(
g2ϕ
1
)(
Ns
106
)1/2
(24)
and √
6 |λmix|
g2ϕNs
v < THS <
(
7
4Ns
)1/4
Tν . (25)
Note that when the bound in Eq. (24) is saturated, the range in Eq. (25) vanishes. The bound in Eq. (24)
is shown in Fig. 1. For the natural Higgs-Seesaw model, λmix = O(λ
(nat)
mix ), the number of new scalar
degrees of freedom must be very large, Ns ∼ 106. Conversely, if thermal support is to be established using
only Ns = O(1) new scalar degrees of freedom then the coupling must be smaller, λmix ≈ 10−3λ(nat)mix for
g2ϕ = 1. Decreasing g
2
ϕ makes these constraints more stringent. For a given point in the parameter space
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FIG. 2: For a given Ns, thermal support is viable over the range of temperatures bounded above by the dashed line
and bounded below by one of the solid lines (for g2ϕ = 10
−2, 10−1, 1 from top to bottom). See Eq. (25).
represented in Fig. 1, the temperature of the thermal bath, THS, must satisfy Eq. (25); these constraints are
shown in Fig. 2. Although THS can be as large as 1.15Tν , its value is typically smaller by one or two orders
of magnitude over the parameter space shown here.
3.3. Loop-Level Support
As a final example, we consider the role that quantum corrections to the effective potential can play. In
particular, we will consider a potential with the structure U ∼ +s2− s4 + s4 ln s2 where the quadratic term
has a positive coefficient provided by taking λmix > 0, the quartic term has a negative coefficient, and the
logarithmic term arises from one-loop quantum corrections of the Coleman-Weinberg form [14]. To obtain
the appropriate quantum corrections, the model must be extended to include additional scalar fields [15],
since fermionic field would yield quantum corrections with the wrong sign.
We consider the same extension of the Higgs-Seesaw model that was discussed in Sec. 3.2. Namely, we
introduce Ns real scalar fields ϕi that coupled to σHS through the interaction given previously by Eq. (21).
In the presence of a background field 〈σHS〉 = s/
√
2, the new scalars acquire masses
mϕi(s) = gϕis . (26)
For simplicity we will assume a universal coupling gϕi = gϕ. The renormalized one-loop effective potential
is given by Veff(s) = U(s) + VCW(s) where U was given previously by Eq. (8), and the Coleman-Weinberg
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FIG. 3: The effective potential, Eq. (28), for λmix = λ
(nat)
mix ≈ 6.5× 10−29, ρtrue = 0, ρDE = ρ(obs)DE ≈ 28 meV4, and
a range of values for Nsg4ϕ. Note the axes are scaled differently in the the different panels.
potential is [14]
VCW(s) =
Ns∑
i=1
m4ϕi(s)
64pi2
(
ln
m2ϕi(s)
M2
− 3
2
)
, (27)
after employing dimensional regularization and renormalizing in the MS scheme at a scale M .
Since we seek to study the issue of vacuum stability, it is useful at this point to exchange some of the
parameters in Veff in favor of parameters with a more direct relevance to the vacuum structure. We will
focus on models for which Veff(s) has a global minimum at s = vs with Veff(vs) = ρtrue = 0 and a local
minimum at s = 0 with Veff(0) = ρDE + ρtrue. Thus, we exchange the parameters ΩCC and λHS in favor of
ρtrue and ρDE. Taking the renormalization scale to be M = gϕvs, the effective potential becomes
Veff(s) = ρDE +
λmix
4
v2s2 − 1
4
(
λmix
v2
v2s
+ 4
ρDE − ρtrue
v4s
)
s4 +
Nsg
4
ϕs
4
64pi2
ln
s2
v2s
. (28)
where
vs = 2
√
2piv
√
λmix
Nsg4ϕ
√√√√1 +√1 + 2Nsg4ϕ(ρDE − ρtrue)
pi2λ2mixv
4
. (29)
As promised, Veff has the structure “+s2 − s4 + s4 ln s2” provided that λmix > 0.
This effective potential is shown in Fig. 3 for λmix = λ
(nat)
mix and various values of Nsg
4
ϕ. The false
vacuum (s = 0) is always metastable thanks to the quadratic term in Eq. (28). Asymptotically the barrier
height increases in the limit Nsg4ϕ → 0, and it decreases as Nsg4ϕ → ∞. This somewhat counterinuitive
behavior is a consequence of the way that we allow λHS ∼ 3Nsg4ϕ/32pi2 to vary such that λmix and ρDE −
ρtrue can remain fixed. The crossover between the large and small barrier regimes occurs when Nsg4ϕ =
O(1). To understand this better, we can approximate the barrier height as Vbarrier ≈ Veff(s = vs/2), which
gives (also setting ρtrue = 0)
Vbarrier
ρDE
≈ 15
16
+
3
64
λmixv
2v2s
ρDE
− 1
1024pi2
Nsg
4
ϕv
4
s ln 4
ρDE
. (30)
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FIG. 4: The parameter space of the quantum support scenario. Along the dotted line the parameters satisfy κ = 1 [see
Eq. (31)], and along the solid line they satisfy N = 1 [see Eq. (34)].
Recall that vs was given by Eq. (29). If we define the factor
κ ≡ 2Nsg
4
ϕρDE
pi2λ2mixv
4
(31)
then in limits of small and large Nsg4ϕ, the barrier height is approximated as
Vbarrier
ρDE
≈

1
Nsg4ϕ
pi2(3−ln 4)
4
λ2mixv
4
ρDE
κ 1
15−ln 16
16 κ 1
. (32)
The crossover occurs when κ = O(1), and since ρ(obs)DE ∼ (λ(nat)mix )2v4, as we saw in Eq. (10), this corre-
sponds to Nsg4ϕ = O(λ
2
mix/λ
(nat) 2
mix ). In other words, for λmix  λ(nat)mix the barrier height is very small
when Nsg4ϕ = O(1), and for λmix  λ(nat)mix the barrier is large for Nsg4ϕ = O(1).
The metastable vacuum (s = 0) can decay via quantum tunneling. Using standard techniques [16, 17]
we calculate the Euclidean action B of the tunneling solution and evaluate the decay rate per unit volume
as
(Γ/V ) = µ4HS
B2
4pi2
e−B (33)
where µ2HS = λmixv
2/2. The number of bubble nucleation events integrated over a Hubble volume (d3H ≈
H−30 ) and the age of the universe (tU ≈ H−10 ) is then estimated as
N = (Γ/V )H−40 (34)
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where H0 ' 1.5 × 10−33 eV is the Hubble constant today. The quantum support scenario is viable when
N  1 and ineffectual whenN  1. In Fig. 4 we show the viability of quantum support over the parameter
space. The dotted line demarcates the threshold between the small and large barrier regimes (κ = 1), and the
solid line indicates the boundary between viable and ineffectual quantum support (N = 1). As λmix → 0,
the condition N = 1 becomes independent of λmix as a result of the way in which we scale λHS in order to
hold ρDE fixed.3 For the natural parameter choice, λmix ≈ λ(nat)mix and Nsg4ϕ = O(1), the metastable vacuum
has a lifetime that exceeds the age of the universe.
4. IMPLICATIONS OF LATE-TIME VACUUM DECAY
While various simple extensions of the Higgs-Seesaw model appear to make it possible for the false
vacuum to be supported over cosmological time intervals, nevertheless, the eventual decay of the false
vacuum is inescapable. In the case of thermal support, the thermal bath will eventually cool due to the
expansion of the universe, and the tachyonic instability will reemerge. For typical parameters (see Fig. 2),
the allowed temperature range of the hidden sector gas spans only one or two decades. Thus in this case we
would expect thermal support to be lost within the next few Hubble times once the hidden sector gas cools
sufficiently. This makes the possibility that our vacuum could decay in the not-too-distant future somewhat
less fine-tuned than in the quantum support case, where the lifetime of the false vacuum is exponentially
sensitive to the parameters, and the metastable state may be extremely long lived if N ≪ 1 (see Fig. 4).
Either way, the false vacuum will eventually decay.
It is worth mentioning, at least briefly that it is possible in principle that the false vacuum has already
decayed and that we now sit in the true vacuum with vanishing vacuum energy [18–22]. However, such a
possibility is extremely remote as it requires extreme fine tuning. In this case, in general the universe today
would now be radiation dominated, which is ruled out unless the decay occurred extremely recently (i.e.
see [23] ) and thus we shall not consider it further here.
A much more interesting question is what ‘observable’ effects would result from future decay of the
false vacuum in this model. The word observable is unusual here because in general one might expect that
3 The bounce action isB = 2pi2
∫
r3dr
[
1/2(ds/dr)2 + Veff(s)
]
. After rescaling s = vss¯, Veff = ρDEV¯eff , and r = (vs/
√
ρDE)r¯
it becomes B = (v4s/ρDE)B¯ where B¯ predominantly depends on the “shape” of the effective potential, particularly the height
of the barrier relative to the scale of degeneracy breaking. As we saw in Eq. (32), Vbarrier/ρDE becomes independent of all
parameters in the limit κ  1, which corresponds to λmix → 0. Additionally, the prefactor v4s/ρDE ≈ 128pi2/(Nsg4ϕ) +
O(λ2mix) is independent of λmix to leading order. Thus, the asymptotic behavior seen in Fig. 4 is explained.
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a change in vacuum state would be a catastrophic process for the spectrum of particles and fields, and hence
for all structures that currently exist.
However, there is good reason to believe that this would not be the case in this model. The primary
effect of a change in the vacuum in this case would be a small shift in the VEV and couplings of the standard
model Higgs field, to which the singlet scalar would become mixed. However this effect is of the order of
〈h〉true − v
v
= O
(
λ2mix
)
(35)
[see Eq. (5)] and therefore will result in changes in elementary particle masses by less than O(10−57). It
is hard to imagine that such a shift would produce any instability in bound systems of quarks, nucleons, or
atoms. ( It also implies, for the same reason, that no terrestrial experiment we could perform on the Higgs
at accelerators could in fact determine if this decay has already occurred. )
At the same time, the energy density stored in the false vacuum, while dominant in a cosmological
sense, is subdominant on all scales smaller than that of clusters. And while the release of this energy into
relativistic particles might otherwise unbind the largest clustered systems, all such systems would already
be unbound due to the expansion induced by the currently observed dark energy.
We therefore may be living in the best of all possible worlds, namely one in which the observed accel-
eration of the universe that will otherwise remove all observed galaxies from our horizon [24, 25] will one
day end, but also one in which galaxies, stars, planets, and lifeforms may ultimately still survive through a
phase transition and persist into the far future.
5. CONCLUSIONS
Contrary to naive expectations perhaps, we have demonstrated that it is possible to stabilize a false
vacuum associated with a Higgs-Seesaw model of dark energy, which naively has a lifetime of O(10−9)
seconds, so that false vacuum decay can be suppressed for periods in excess of 1010 years, without drasti-
cally altering the characteristics of the model, or destroying the natural scales inherent within it. Moreover,in
this case, even if we are living in a false vacuum, we need not fear for the future.
13
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